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Description 

BACKGROUND OF THE INVENTiQN 
5 Field of the Invention 

The present invention relates to a noninvasive measurement apparatus for internal information in scattering media 
used in medical and scientific fields, and the like. More specifically, the present invention relates to a measurement 
apparatus which measures optical scattering characteristics and/or optical absorption characteristics within scattering 
10 media such as living tissues, thereby obtaining such data as those concerning changes in various characteristic values 
over time and their spatial distribution. 

Related Background Art 

IS Conventionally, in order to measure various characteristics concerning the optical scattering characteristics and 
optical absorption characteristics of scattering media such as living tissues, it has been known to in-adiate a scattering 
medium to be measured with measurement light, detect tiie diffused light, and then analyze tiie time-response charac- 
teristic of the detected light. In general, in order to perform a multicomponent measurement with respect to the scatter- 
ing medium, a measurement apparatus used for such a technique Is equipped witii a tight source for generating pulse- 

20 like light beams having at least two kinds of wavelengths. As methods for in-adiating the scattering medium with light 
beams having wavelengths different from each other, tiiere have been known two kinds of techniques for driving the 
light source, namely, sequential lighting technique and alternate lighting technique. 

As shown in Fig. 1 . when a light source driven by the sequential lighting technique is used, for example, in order to 
cause nneasurement light beams having two kinds of wavelengtiis and X2 to be incident on a subject scattering 

25 medium, the scattering medium is in-adiated with ttie measurement light beam having the wavelength of emitted by 
the light source as a few pulses of incident light 1^ in the first place. Then, tine diffused light having the wavelength of 
emitted from the scattering medium are sequentially detected as outgoing light O^. Subsequently, after the wavelengtti 
setting for the tight beam with respect to the light source generating the x^wavelength light beam is changed over to 
the wavelength of X2, the scattering medium is irradiated with ttie light beam having the wavelength of X2 emitted by the 

30 light source as a few pulses of incident light I2. TTiereafter. ttie diffused light having the wavelength of X2 emitted from 
the scattering medium are sequentially detected as outgoing light Og. 

On the other hand, as shown in Figs. 2A and 2B, when a set of light sources driven by the alternate lighting tech- 
nique is used, for example, in order to cause measurement light beams having two kinds of wavelengtiis X^ and X2 to 
be incident on a subject scattering medium, ttie scattering medium is irradiated with the light beam having tiie wave- 
rs length of A.^ emitted by one of the light sources as incident light li. Then, when a predetermined period has passed after 
the in^adiation witii ttie incident light l^, the scattering medium is irradiated with a light beam having the wavelength of 
X2 which is emitted by the other light source. Thereafter, the diffused light having the wavelengtii of X-^ emitted from ttie 
scattering medium is detected as outgoing light O^. Then, ttie diffused light having ttie wavelengtii of emitted from 
the scattering medium is detected as outgoing light Og- 

40 When a sequential lighting technique such as that shown in Fig. 1 is used in ttie above-mentioned measurement 
apparatus to irradiate a scattering medium with the light beams having wavelengths different from each other, the inter- 
val of tiie pulse light irradiation must be longer than ttie duration of diffused light emitted from ttie scattering medium. 
Othenwise diffused light is piled up. Therefore, the time required for measuring the time-response characteristic of tfie 
diffused light emitted from the scattering medium increases in proportion to the number of kinds of wavelengths which 

45 is set for the measurement light beams. On the other hand, when an alternate lighting technique such as that shown in 
Figs. 2A and 28 is used, ttiere is a problem ttiat the upper limits concerning the frequencies for generating ttie meas- 
urement light beams having different wavelengths are restricted due to an interval t^ required between the outgoing light 
O1 and tiie outgoing light O2 in order to prevent tiie diffused light having the wavelengttis X-i and X2 from being mixed 
each ottier, thereby making it difficult to suff icientiy shorten ttie measurement time. 

50 

SUMMARY OF THE INVENTIOISI 

In view of ttie foregoing protrfems. tiie object of the present invention is to provide a measurement apparatus in 
which the dependency of the measurement time on the number of kinds of wavelengths of the measurement light 
55 beams can be alleviated, tfiereby making it possible to sufficiently shorten the time required for measuring the time- 
response characteristic of ttie diffused light. 

The measurement apparatus for internal information in a scattering medium In accordance witti the present Inven- 
tion comprises: 
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(a) a light source which emits a plurality cf measurement light beams having a plurality of wavelengths different 
from each other; 

(b) an irradiation light guide for causing the measurement light beams to be incident on the scattering medium; 

(c) a wavelength selector unit which selectively extracts diffused light having an individual wavelength from diffused - 
light corresponding to the measurement light beams which have been diffusively propagated through the scattering 
medium; 

(d) a photodetector unit for measuring a time-response characteristic of the diffused light extracted by the wave- 
length selector unit; and 

(e) a signal processing system which drives the light source so as to sequentially cause the measurement light 
beams to be incident on the scattering medium respectively with emission timings (points of time) different from 
each other, and which controls a measurement action of the photodetector unit corresponding to the emission tim- 
ings such that time-response characteristics of the diffused light are sequentially measured, while analyzing the 
time-response characteristics measured by the photodetector unit so as to calculate the internal information in the 
scattering medium. 

The above-mentioned wavelength selector unit preferably comprises the following acousto-optic modulator. 
Namely, such an acousto-optic modulator is one which generates an ultrasonic wave (vibration) based on a control sig- 
nal output from the above-mentioned signal processing system and changes the wavelength of the above-mentioned 
ultrasonic wave in synchronisation with the emission timing of the measurement light beam so as to diffract the diffused 
light by a deflection angle which conresponds to the ratio of the wavelength of the diffused light to tiiat of the ultrasonic 
wave. In this case, the above-mentioned photodetector unit preferably comprises the following photodetector. Namely, 
such a photodetector is one which performs, based on a control signal output from the above-mentioned signal 
processing system, detecting the diffused light which has been diffracted by a predetermined deflection angle by tiie 
above-mentioned acousto-optic modulator and then converts the diffused light thus detected so as to effect a time- 
resolved measurement. 

Alternatively, the above-mentioned wavelength selector unit may comprise a plurality of dichroic mirrors as follows. 
Namely, such dichrorc mirrors are those which are serially disposed in an optical path of the above-mentioned diffused 
light guided from the scattering medium to the photodetector unit such that their threshold wavelengths (threshold 
wavelength being a wavelength at the boundary between the wavelengths of light to be reflected by the min-or and those 
of light to be transmitted through the mirror) are respectively positioned between neighboring wavelengths of the above- 
mentioned diffused light (in ascending or descending order) and set in ascending or descending order. In this case, ttie 
above-mentioned photodetector unit preferably comprises a plurality of interference filters and a plurality of photodetec- 
tors as follows. Namely, such interference filters respectively have transmittance center wavelengths coinciding with 
wavelengths of the diffused light entering the interference filters from tiie dichroic min-ors, whereas such photodetectors 
respectively perform, based on a control signal output from the signal processing system, detecting the diffused light 
entering tiie photodetectors from the interference filters and then convert the diffused light thus detected so as to effect 
a time-resolved measurement. • 

Preferably, the measurement apparatus of the present invention further conprises (f) a detection light guide for 
guiding the diffused light which has been diffusively propagated through the scattering medium to ttie wavelength selec- 
tor unit, and (g) an optical shaper which is optically connected to the detection light guide and converges the diffused 
light so as to be guided to the wavelength selector unit. 

Also, the light source in accordance with the present invention is preferably a group of light sources which respec- 
tively emit based on a conti-ol signal output from the signal processing system, the measurement light beams having a 
plurality of wavelengtiis whose number is not smaller than tiiat of kinds of optical absorbent components contained in 
the scattering medium and which have absorption coefficients different from each other with respect to the optical 
absort)ent components. 

In ttie measurement apparatus of the present invention, a light source or light sources emit, based on a control sig- 
nal output from tiie signal processing system, measurement light beams having wavelengths different from each other 
at emission timings different from each other in a periodic manner. These measurement light beams sequentially emit- 
ted from the light source(s) are irradiated into a scattering medium by way of tfie in-adiation light guide and, after being 
diffusively propagated through the scattering medium, sequentially entered into the wavelength selector unit. 

At this time, the wavelength selector unit selectively extracts, in a sequential manner, diffused light having an indi- 
vidual wavelength from diffused light conesponding to the incident measurement light beams and guides thus exfracted 
diffused light to the photodetector unit. Accordingly, even when the diffused light sequentially emitted from the scatter- 
ing medium contain mutually-interfered light components (diffused light having other wavelengths) since they have, due 
to random scattering within ttie scattering medium, a pulse widtfi greater than that at the time of emission, the diffused 
light sequentially emitted from the wavelength selector unit do not contain such mutually-interfered light components. 

As a result, since no base-line shift occurs, due to the mutually-interfered light components, in the diffused light 
sequentially entering the photodetector unit, even when the interval of tiie emission timings for the measurement light 
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beams is shortened to such an extent that the diffused light emitted from the scattering medium may contain the mutu- 
ally-interfered light components, the time-response characteristic of the diffused light can be accurately measured by 
the signal processing system. Then, as the signal processing system analyzes the time-response characteristic of the 
diffused light measured by the photodetector unit, internal information in the scattering medium such as Its optical scat- 
tering and optical absorption characteristics can be accurately calculated. 

According to the measurement apparatus of the present Invention, It is unnecessary for the emission timings for the 
measurement light beams to have such a large interval that the diffused light emitted from the scattering medium does 
not contain the mutually-interfered light components. Therefore, the time required for measuring the time-response 
characteristic of the diffused light with respect to the scattering medium can be greatly shortened as compared with the 
conventional techniques. 

The present Invention will be more fully understood from the detailed description given herelnbelow and the accom- 
panying drawings, which are given by way of Illustration only and are not to be considered as limiting the present inven- 
tion. 

Further scope of applicability of the present invention will become apparent from the detailed description given 
hereinafter. However, it should be understood that the detailed description and specific examples, while indicating pre- 
ferred embodiments of the invention, are given by way of illustration only, since various changes and modifications 
within the spirit and scope of the invention will be apparent to those skilled in the art from this detailed description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Rg. 1 is a graph showing temporal waveforms of measurement light beams which enter a scattering medium with 
their wavelengths being sequentially changed in every few pulses and the diffused light emitted from the scattering 
medium in a conventional measurement apparatus; 

Rgs. 2A and 2B are each graphs showing temporal waveforms of measurement light beams which alternately (with 
a phase shift corresponding to a half wavelength) enter from a set of light sources into a scattering medium and 
have wavelengths (A: ^i ; B: X2) different from each other and the diffused light emitted from the scattering medium 
in anotho* conventional measurement apparatus; 

Fig. 3 is a block chart showing a configuration of the measurement apparatus In accordance with an embodiment 
of the present invention; 

Fig. 4 is a cross-sectional view schematically showing an example of an optical path of measurement light trans- 
mitted through a scattering medium in the measurement apparatus shown in Fig. 3; 

Fig. 5 is a graph showing temporal waveforms of a measurement light pulse entering a scattering medium and the 
diffused light emitted from the scattering medium in the measurement apparatus shown in Fig. 3; 
Rgs. 6A, 68, and 6C are graphs respectively showing temporal waveforms of measurement light beams entering 
a scattering medium with their wavelengths being sequentially changed for every single pulse, a time-transmittance 
characteristic at a wavelength selector unit into which the diffused light emitted from the scattering medium enters, 
and temporal waveforms of the diffused light passed through the wavelength selector unit in the measurement 
apparatus shown In Rg. 3; 

Rg. 7 is a graph showing temporal waveforms of measurement light beams entering a scattering medium with their 
wavelengths being sequentially changed for every single pulse and the diffused light emitted from the scattering 
medium In the measurement apparatus shown in Fig. 3; 

Rg. 8 Is a block chart showing a configuration of the measurement apparatus in accordance with another embod- 
iment of the present invention : and 

Fig. 9 is a graph showing wavelength-transmittance characteristics at a plurality of dichroic mirrors into which dif- 
fused light emitted from a scattering medium sequentially enter in the measurement apparatus shown in Fig. 8. 

DESCRIPTION OF THE PREF ERRED EMBODIMENTS 

In the following, the configuration and effects of some embodiments concerning the measurement apparatus of the 
present invention will be explained in detail with reference to Rgs. 3 to 9. In the explanation of tfie drawings, ttie identical 
elements are refenred to by the identical marks without repeating their overiapping explanations. 

Rrst Embodiment 

As shown in Fig. 3, a measurement apparatus 1 of this embodiment is provided with an optical system 1a, which 
Irradiates a scattering medium 10 with a predetermined light beam and then detects tiie diffused light emitted from the 
scattering medium 10, and a signal processing system lb which controls actions of various instruments constituting this 
optical system la so as to analyze a time-response characteristic of the diffused light. Here, the scattering medium 10 
is a living tissue which is disposed as a measurement subject from which various characteristics concerning optica! 
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scattering and optical absorption characteristics are to be measured and contains (n-1) kinds of optical absorbent com- 
ponents to A^.^ which are differerrt from each other. These (n-1) kinds of optical absorbent components to Ap.^ 
have absorbance values v/hich are relatively large with respect to light having a predetermined range of wavelength and 
different from each other. For example, with respect to hemoglobin, myoglobin, or the like, light having a wavelength 

5 within the range of about 700 to 1 .000 nm is preferable. Here, n is an integer not less than 2. 

The optical system 1 a comprises first to n-th light sources 40i to 40n which sequentially emit measurement light 
beams respectively having n kinds of wavelengths A.^ to ^ at predetermined emission timings different from each other; 
an Irradiation light guide (optical fiber) 50 which in^adiates a predetermined light-entering position of the scattering 
medium 10 with the measurement light beams sequentially emitted from these first to n-th light sources 40^ to 40n; a 

10 detection light guide (optical fiber) 60 which detects the diffused light sequentially emitted from a predetermined light- 
output position of the scattering medium 10; an optical shaper 70 which shapes the pattern of the diffused light sequen- 
tially guided by the detection optical fiber 60; a wavelength selector unit 90 which selectively extracts the diffused light 
having a wavelength of one of the n kinds of wavelengths Xi to in a sequential manner, from among the diffused light 
sequentially entering from the optical shaper 70: and a photodetector unit 100 which converts the diffused light 

15 extracted by the wavelength selector unit 90 into a detection signal which is then output. 

Also, the signal processing system 1 b includes a central processing unit 20 whk:h outputs a control signal Ci indic- 
ative of a start timing for measuring the scattering medium 10; a trigger circuit 30 which outputs, based on the control 
signal Ci output from the central processing unit 20, a trigger signal T which becomes an index for the emission timings 
for the first to n-th light sources 40^ to 40n; a control circuit 80 which outputs, based on the trigger signal T output from 

20 the trigger circuit 30. a control signal C2 incficative of the driving state of the wavelength selector unit 90; and an ampli- 
fier unit 1 10 which annplifies the detection signal output from the photodetector unit 100 and outputs thus amplified 
detection signal D2. 

Further, the signal processing system lb includes a constant-fraction discriminator (CFD) unit 120 which detects 
the level of the detection signal D2 output from the amplifier unit 1 1 0 and thereby outputs a start signal ; a delay circuit 

25 1 30 which outputs a stop signal S2 which is delayed by a predetermined time with respect to the trigger signal T output 
from the trigger circuit 30; a time-to-amplitude converter (TAG) 140 which outputs a time-correlated signal A having an 
amplitude proportional to the difference in time between the start signal and the stop signal S2 respectively output 
from the CFD unit 120 and the delay circuit 130; and a multi-channel analyzer (MCA) 150 which is actuated, based on 
the control signal 0^ output from the central processing unit 20, so as to output time spectrum data P corresponding to 

30 the time-correlated signal A output from the TAC 140. 

Here, the central processing unit 20 is a computer for control and analysis which are actuated on the basis of a pre- 
determined measurement program which has been set up beforehand. The central processing unit 20 outputs the con- 
trol signal C-i to drive each of the trigger circuit 30 and MCA 150, while analyzing the time spectrum data P output from 
the MCA 150 to calculate, for example, the optical absorption coefficient, optical scattering coefficient, and optical 

35 absort)ent component concentration of the scattering medium 1 0. 

The trigger circuit 30 generates, based on the information indicative of the measurement start timing contained in 
the control signal Ci output from the central processing unit 20, the trigger signal T which becomes an index for emis- 
sion timings of the measurement light beams respectively having the n kinds of wavelengths to X^- This trigger circuit 
30 outputs the trigger signal T so as to drive each of the first to n-th light sources 40^ to 40n. control circuit 80. photo- 

40 detector unit 1 00, and delay circuit 1 30. 

The first to n-th light sources 40i to 40n are laser diodes which respectively pulse-oscillate the measurement light 
beams having the n kinds of wavelengths X.i to with a period t. Among these first to n-th light sources 40^ to 40n, 
emission timing toi of the i-th Ijght source 40; is defined with respect to input timing to of the trigger signal T from the 
trigger circuit 30 by the following equation (1): 

45 

^oi = to + T -{in + (i - D/n) (1) : 



50 wherein i Is an integer not less than 1 but not more than n and m is an integer. 

Here, the measurement light beams having the n kinds of wavelengths to Xp. selected are those exhibiting 
absort)ance values (absorption coefficients) which are relatively large with respect to the (n-1) kinds of the optical 
afc)sorbent components to Ar,.i, which are contained in the scattering medium 10, and different from each other. 
The Irradiation light guide 50 is an n-branched optical fiber which turns the measurement light beams sequentially 
55 emitted from the first to n-th light sources 40^ to 40n into measurement light beams which are arranged in time series, 
and have been subjected to a cyclic wavelength conversion with their wavelengths being sequentially changed over for 
every single pulse. 

It irradiates the scattering medium 10 with the measurement light beam in the form of a spot. The detection light 
guide 60 is an optical fiber for guiding the diffused light, which has been diffusively propagated through the scattering 
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medium 10 and sequentially emitted therefrom, to the optical shaper 70. The optical shaper 70 is constituted by a 
refractive lens or lens group which converges the diffused light sequentially emitted from the detection light guide 60. 
Thus converged diffused iighit Is subsequently guided to the wavelength selector unit 90. 

Preferably, two kinds of light-entering position to light-output position distances and P2 are set as physical dis- 

5 tance between the light-entering position of the scattering medium 10 at which an end of the in-adiation light guide 50 
is disposed and the light-output position at which an end of the detection light guide 60 Is disposed. Accordingly, at least 
one of the inadiation tight guide 50 and the detection light guide 60 Is disposed so as to be movable with respect to the 
surface of the scattering medium 10. 

The control drcuit 80 outputs the control signal C2 to the wavelength selector unit 90 in synchronization with the 

10 input timing to of the trigger signal T output from the trigger circuit 30. The control circuit 80 outputs the control signal 
C2 so as to drive the wavelength selector unit 90 such that ultrasonic waves having n kinds of wavelengths to 
different from each other are generated as being changed over at a predetermined time (x/n). The n kinds of wave- 
lengths X{ to Xr{ in the ultrasonic waves are def ined with respect to the n kinds of wavelengths Xi to 5Ln measure- 
ment light beams, for example, by the following equation (2): 

15 

K/K = ^2/^2 K/K ' c (2) 



20 wherein c is a constant. 

The wavelength selector unit 90 is an acousto-optic modulator (AOM) which changes the optical refractive index on 
the basis of vibration of an ultrasonic wave so as to diffract incident light by deflection angle 9 which substantially coin- 
cides with the ratio of the wavelength of the incident light to that of the ultrasonic wave. In response to the information 
contained in the control signal C2 output from the control circuit 80 indicative of the wavelength of the ultrasonic wave. 

25 the wavelength selector unit 90 generates the vibration of the ultrasonic wave. During period pj between emission timing 
tj for the measurement light beam having a wavelength of Xj at the j-th light source 40j and emission timing tj^.^ for the 
measurement light beam having a wavelength of at the Q+1)-th light source 40j+i, the wavelength selector unit 90 
generates an ultrasonic wave having wavelength X/. Here, j is an integer not less than 1 but not more than n, t =t . 
and p =p 1 . Then, the wavelength selector unit 90 sequentially diffracts, by flie deflection angle e, the diffused light 

30 sequentially output from the optical shaper 70. The deflection angle 6. by which the diffused light is subjected to Bragg 
diffraction, is defined with respect to the ratio c of the n kinds of wavelengths to in the diffused light to the n kinds 
of wavelengths X-^ * to V in the ultrasonic waves by the following equation (3) : 

e=2sin'^(c/2) (3) 

35 

The photodetector unit 100 is a photomultiplier tube which, based on the trigger signal T output from the trigger cir- 
cuit 30. detects the diffused light sequentially entering It from the wavelength selector unit 90 after being diffracted by 
the deflection angle 8 and converts it thereby generating the detection signal . In order to favorably detect each kind 
of the diffused light having one wavelength of the n kinds of wavelengths to Jip, the photodetector unit 1 00 preferably 
40 has a relatively high spectral sensitivity and gain. Also, it preferably has a frequency response as high as possible in 
order to favorably perform the time-resolved measurement of the diffused light. The anplifier unit 1 10 is an amplifier 
which amplifies the amplitude of the detection signal Di output from the photodetector unit 100 so as to generate the 
detection signal D2. 

The CFD unit 1 20 is a time-pickoff circuit which generates the start signal at the time when a predetermined time 
45 has passed after the level of the detection signal D2 output from the amplifier unit 110 had reached a predetermined 
ratio of its amplitude. The delay circuit 1 30 generates the stop signal vvhose phase is shifted by a predetermined time 
from the Input timing Iq of the trigger signal T input from the trigger circuit 30. The TAG 140 generates the time-con-e- 
lated signal A having an amplitude proportional to the difference in time between the input timings of the start signal Si 
and the stop signal Sg which are output from the CFD unit 120 and the delay circuit 130, respectively 
50 Based on the information indicative of the measurement start timing contained in the control signal output from 
the central processing unit 20. the MCA 150 fractions the time-correlated signal A output from the TAC 140 at a prede- 
termined time (x/n) and sequentially stores thus fractioned signals in an n-piece memory group. Then, the MCA 150 
analyzes the pulse-height of the time-correlated signal A and generates the time spectrum data P as a frequency dis- 
tribution of pulse-height. 

55 In the following, the action of the measurement apparatus 1 in accordance with this embodiment will be explained. - 
In the above-configured measurement apparatus 1. as shown in Fig. 3, the central processing unit 20 which has 
started the predetemrtined measurement program outputs the control signal C^ indicative of ttie measurement start tim- 
ing to each of the trigger circuit 30 and the MCA 1 50. At this time, based on the control signal Ci output from the central 
processing unit 20. the trigger circuit 30 outputs the trigger signal T, which becomes an index for the emission timings 
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of the measurement light beams having the n kinds of wavelengths to X^, to each of the first to n-th light sources 40^ 
to 40n, control circuit 80. photodetector unit 100, and delay circuit 130. On the other hand, based on the control signal 
Ci output from the central processing unit 20. the MCA 150 is placed under an Input-waiting condition with respect to 
the time-correlated signal A concerning the measurement light beams having the n kinds of wavelengths to X^. 

5 Subsequently, based on the trigger signal T output from the trigger circuit 30, the first to n-th light sources 40^ to 
40n pulse-oscillate the measurement light beams having the n kinds of wavelengths X^ to X^ in the same period t with 
phases respectively shifted with time 0, x/n, 2x/n and (n-1)x/n. On the other hand, based on the trigger signal T out- 
put from the trigger circuit 30, the control circuit 80 outputs the control signal C2. which generates a Bragg diffraction of 
deflection angle 0 with respect to the measurement light beams, to the wavelength selector unit 90. Also, the delay cir- 

10 cuit 1 30 outputs the stop signal S2, whose phase is shifted by a predetermined time from the trigger signal T output from 
the trigger circuit 30. to the TAG 140. 

Here, the measurement light beams sequentially emitted by the first to n-th light sources 40^ to 40n in-adiate the 
scattering medium 10 through the irradiation light guide 50 in the form of a spot. As shown in Fig. 4. such a measure- 
ment light beam enters the light-entering position of the scattering medium 10 as incident light I and then is diffusively 

15 propagated through the scattering medium while being attenuated upon absorbing actions therewithin before being 
emitted from the light-output position of the scattering medium 10 as outgoing light O. Within the scattering medium 1 0. 
the light proceeds along a bent optical path as being randomly scattered by the scattering components constituting the 
scattering medium 10, while exponentially losing its quantity as being gradually absoibed by the absorbent components 
constituting the scattering medium 10. Accordingly, as shown in Fig. 5, even when the incident light I is an impulse, the 

20 outgoing diffused light O has an extended pulse width since it contains a conponent which is remarkably delayed from 
the emission timing of the incident light I due to the multiple scattering. 

Here, within the scattering medium 10. based on its random scattering, the light drastically attenuates its density 
while diffusing into substantially the whole area. However, in Fig. 4. only an example of track of a photon emitted from 
the light-output position and detected at the light-detection point of the scattering medium 10, namely, an exanple of 

25 track of a photon actually used for measurement is schematically shown. Also, in Fig. 5. in order to compare the respec^ 
five pulse widths of the incident light I and outgoing light O with each other, they are shown with the same intensity. 

Then, as shown in Fig. 3. the diffused light sequentially emitted from the scattering medium 10 are detected by the 
detection light guide 60 and guided to the optical shaper 70, where they are subsequently converged and guided to the 
wavelength selector unit 90. Based on the control signal Gg output from the control circuit 80. the wavelength selector 

30 unit 90 alternately generates, in synchronization with the emission timings for the measurement light beams having the 
n kinds of wavelengths ^1 to A^, the ultrasonic waves having the n kinds of wavelengths X{ to . Accordingly, among 
the diffused light entering the wavelength selector unit 90. only the diffused light having the wavelength corresponding 
to the wavelength Xj' of the ultrasonic wave are subjected to the Bragg diffraction of deflection angle 9. thereby sequen- 
tially being emitted to the photodetector unit 1 00. 

35 Based on the trigger signal T output from the trigger circuit 30, the photodetector unit 1 00 sequentially detects the 
diffused light having the n kinds of wavelengths X^ to X^ sequentially entering it by way of the wavelength selector unit 
90 and converts them to the electric signal Di. Sampling timing with respect to the diffused light having the wave- 
length Xj among the diffused light having the n kinds of wavelengths X-^ to X^ is defined with respect to the input timing 
to of the trigger signal T output from the trigger circuit 30 or the emission timing t^i for the measurement light beam hav- 

40 ing the wavelength Xi In the i-th light source 40i by the following equation (4) : 

^si = ^^0 * ^ + T (i - 1) /i2 + Ac 

= At (4) 

45 

wherein At is 1 Ainteger of the period x of each of the measurement light beams having the n kinds of wavelengths X^ to 
Xn^ Then, the photodetector unit 1 00 outputs the detection signal , which has an amplitude at a degree corresponding 
to the single photo-electron level. 

Fa example, in the case of n=3, as shown in Rg. 6A, the measurement light beams sequentially entering the scat- 

50 tering medium 10 become a time series in which a series of pulses formed by incident light 1^ having a wavelengtti . 
incident light I2 having a wavelength X2, and incident light I3 having a wavelength X^ an-anged in terms of time are 
cycled. In this case, as shown in Rg. 6B, the diffraction efficiency at which the Bragg diffraction of deflection angle 0 is 
generated at the wavelength selector unit 90 reaches an effective value only with respect to the light having the wave- 
length Xj during the period Pj between the emission timing tj for the incident light Ij having tfie wavelength Xj and the 

55 emission timing t|+i for the incident light l|^.1 having the wavelength Xj+i , Here, j is an integer not less than 1 but not more 
than 3. t4=ti,and P4=Pi . 

As shown In Rg. 7, the diffused light sequentially emitted from the scattering medium 10 become a time series in 
which a series of outgoing light O^ having a wavelength X^ . outgoing light O2 having a wavelength X2. and outgoing light 
O3 having a wavelength X3 arranged in terms of time are cycled. However, since the outgoing light Oj contains a com- 
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ponent which is delayed from the emission timing tj+i for the incident light Ij^.^ in terms of time, the outgoing light Oj and 
outgoing light Oj^i which are close to each other in terms of time contain conponents which have mixed with each other 
within the scattering medium 10. Accordingly, if the measurement apparatus 1 is not provided with the wavelength 
selector unit 90, a base-line shift occurring due to such mixed components wilt cause an error when the optical absorp- 
5 tion and optical scattering characteristics of the scattering medium 10 are calculated. 

By contrast, since the measurement apparatus 1 of the present Invention is provided with the wavelength selector 
unit 90. as shown in Fig. SC, in the diffused light sequentially entering the photodetector unit 100 from the scattering 
medium 10, the outgoing light Oj does not contain other components. Accordingly, the outgoing light Oj and outgoing 
light Oj^^ which are close to each other in terms of time do not mixed each other within the scattering medium 10, 
10 thereby preventing the base-line shift from occurring. 

Subsequently, the amplifier unit 110 outputs the detection signal D2, in which the amplitude of the detection signal 
Di output from the photodetector unit 100 is amplified, to the CFD unit 120. At the moment when a predetermined time 
has passed after the level of the detection signal output from the photodetector unit 100 had reached a predeter- 
mined ratio of its amplitude, the CFD unit 1 20 outputs the start signal to the TAG 1 40. The TAG 1 40 outputs the time- 
rs correlated signal A. which has an amplitude proportional to the difference in time between the input timings of the start 
signal Si and the stop signal S2 respectively output from the GFD unit 120 and the delay circuit 130. to the MCA 150. 
The MCA 1 50 fractions the time-correlated signal A output from the TAG 1 40 at a predetermined time (x/n) and sequen- 
tially stores thus fractioned signals in the n-piece memory group, while analyzing the pulse-height of the time-con-elated 
signal A, thereby outputting n kinds of the time spectrum data P, which respectively correspond to the n kinds of wave- 
20 lengths X-^ to X,n, to the central processing unit 20 as a frequency distribution of the pulse-height of the time-con^elated 
signal A. 

The n kinds of the time spectrum data P respectively corresponding to the n kinds of wavelengths to can be 
measured with respect to two kinds of the light-entering position to light-output position distances and p2. which are 
different from each other, when at least one of the inadiation light guide 50 and the detection light guide 60 is moved 

25 with respect to the surface of the scattering medium 1 0. Therefore, the MCA 1 50 outputs 2n kinds of time spectrum data 
P. which respectively correspond to the measurement light beams having the n kinds of wavelengths to with 
respect to the two kinds of the light-entering position to light-output position distances and P2, to the central process- 
ing unit 20. The central processing unit 20 analyzes the 2n kinds of time spectrum data P output from the MCA 150 so 
as to calculate, for example, the optical absorption coefficient, optical scattering coefficient, and optical absorbent com- 

30 ponent concentration of the scattering medium 10. 

More specifically, the central processing unit 20 analyzes the time spectrum data P on the basis of the optical dif- 
fusion theory. The findings concerning the optical diffusion theory are described in detail in such literatures as "Medical 
Physics, vol. 19, no. 14. pp. 879-888, 1992". in the fdiowing, the principle of measuring the optical absorption and opti- 
cal scattering characteristics of the scattering medium 10 will be explained. 

35 First, the optical diffusion equation concerning a measurement light bearn having wavelength X can be defined with 
respect to photon f luence rate <Mr.t) and photon source rate S(r.t) con-esponding to position r and time t by the following 
equation (5): 

I fMrJ) - D{X)^^HrJ) + ii^ixm.t) = S(rj) (5) 

40 

wherein: 



<Mr.t): photon fluence rate [mm*^ • sec"^], 

D{X): optical diffusion coefficient [mm], 

45 ^(X): optical absorption coefficient [mm'^]. 

c: light velocity in the medium [mm * sec'^]. and 

S(r,t): photon source rate [mm'"* • sec*^] 



The light speed c is defined in response to the refractive index of the scattering medium 10. 
so Since the measurement light beam is oscillated like an impulse here, the photon source rate S(r,t) can be 
expressed as a delta function. Therefore, the optical diffusion expression concerning the measurement light beam 
entering the scattering medium 10 so as to correspond to the origin (r=0) and the initial time (t=0) is defined by the fol- 
lowing equation (6): 

55 
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= 6(0) • 6(0) 



(6) 



Here, among various optical constants used in equation (6). there are relationships defined by the following two 
equations (7) and (8): 

Ci(M«(3{n«(X) + M,,(X)}]'' (7) . 

fite{A.) = (1 -flf)Hs(^) (8) 

wherein: 

Hts(^): transport optical scattering coefficient [mm'^], 

M^)- optical scattering coefficient [mm"^], and 

niean value of cosp with respect to scattering angle p 

Also, in cases where axis of coordinate p is set on and along the surface of the scattering medium 1 0, while axis of 
coordinate z which is set along the normal with respect to the surface of the scattering medium 1 0 so as to be directed 
thereinto, the boundary condition of the optical diffusion equation indicated by equation (6) can be approximately real- 
ized when mean diffusion length zq is used to assume that a negative point light source is at a position (p=0, z=-z q )\ 
Therefore, the solution of the optical diffusion equation is defined as optical intensity I at a position (p,0) on the surface 
of the scattering medium 1 0 at time t by the follovtnng equation (9): 

-z:(p,0,t) = {47iZ?(X) -c}-^/2 .^-5/2 -exp{-^^(A) • c - t} 
• 2o ' expl-iz^ ^ p^)/{4D{X) -c-t}] (9) 

wherein: 

l(p,0.t): optical intensity [mm~^ • sec'^] 

On the other hand, mean optical path length L of the measurement light beam entering the scattering medium 10 
so as to correspond to the origin (r=0) and the initial time (t=0) is defined with respect to light-entering position to light- 
output position distance p of the scattering medium 10 as expressed by the following equation (10): 

The findings concerning such a mean optical path length are descrtoed in detail in such literatures as "Phys. Med. 
Biol., vol. 37, no. 7, pp. 1531-1560. 1992". 



C -| t • J(p,0, t)dt 

L(p) = : — (10) 

f J(p,0,t)dt 

0 

Here, based on the above two equations (9) and (10), the mean optical path length of the measurement light beam 
is expressed by the following equation (11): 
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L(p) = (3/2) {ji^(X) + (p2 * Zo')/ 

[1 + {3{p2 + 2o') (^a(^)' + ^ia(^) - ^t5(^)))'^'] (11) 



or 

L(p) = (3/2) (p2 +2^) (^A^(A) + li,5(X)]/ 

Therefore, when two kinds of time spectrum data P corresponding to the two kinds of the light-entering position to 
light-output position distances and P2 concerning the measurement light beam having the wavelength of X are input 
into equation (1 0). two kinds of mean optical lengths L(pi) and L(p2) can be calculated. These two kinds of mean optical 
path lengths L(pi) and L(p2) are input into equation (1 1) to form simultaneous equations, which can be solved to calcu- 
late the optical absorption coefficient and transport optical scattering coefficient n^{X). Accordingly, when the two 
kinds of time spectrum data P corresponding to the two kinds of the light-entering position to light-output position dis- 
tances p^ and P2 concerning each of the measurement light beams respectively having the n kinds of wavelengths A.^ 
to are similarly analyzed, n kinds of optical absorption coefficients \i^{X^) to fiaW and n kinds of transport optical 
scattering coefficients Mts(^i) to Uts(^) can be calculated. 

Further, based on Beer-Lamberts law, the optical absorption coefficient jia of the scattering medium 10 with 
respect to the measurement light beam having the wavelength of X is defined with respect to the (n-1) kinds off optical 
absorbent components to A^.^ as expressed by the following equation (12): 



wherein: 

CAk(A.): molar extinction coefficient of optical absorbent component Ak [mm'^ • mM'"*], 

[AkJ: molar concentration of optical absorbent component A^ [mM], and 

a{X): background optical absorption term 

Here, k is an integer not less than 1 but not more than n-1 . 

Therefore, in cases where, while n kinds of wavelengths X^ to Xn which make n kinds of background optical absorp- 
tion terms a(X^) to a(Xn) coincide with each other are selected beforehand as the wavelengths of the measurement light 

beams, molar extinction coefficients eaiC^i) to BAx^•^{Ml ^aa0^2) to zahM^^t) and 8ai(U to eAn-i(3^n) of the (n-1) 

kinds of optical absorbent components A-i to An with respect to the measurement light beams having thjB n kinds of 
wavelengths to Xn are respectively measured, these n(n-1) kinds of the molar extension coefficients eAi(Xi) to eah- 
i(^i). eai(^2) to CAn.i(M» • and eAi(U to £An.i(^n) together with the n kinds of optical absorption coefficients \iJiXi) 
to Pa(^n) can be input into equation (12) to form simultaneous equations, which can be solved to calculate molar con- 
centrations [Ai] to [An-i] of the (n-1) kinds of the optical absorbent components A^ to An.i. 

In this manner, the central processing unit 20 can analyze the 2n kinds of the time spectrum data P output from ttie 
I^CA 150 so as to calculate, as the optical absorption and optical scattering characteristics of the scattering medium 
10. flie n kinds of optical absorption coefficients |ia(X^) to iiJX^, n kinds of transport optical scattering coefficients 
Mts(^i) to msCU. and molar concentrations [A^] to [A^i] off the (n-1) kinds off the optical absorbent conponents A^ to 

An-1- 

Second Embodiment 

As shown in Fig. 8. a measurement apparatus 2 of this embodiment is configured almost similarly to the measure- 
ment apparatus 1 of the first embodiment. However, this measurement apparatus 2 lacks the control circuit 80 while the 
internal configurations of its wavelength selector unit 90, photodeteclor unit 100. amplifier unit 1 10, and CFD unit 120 
are altered. 
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Here, the wavelength selector unit 90 comprises first to {n-1)-th dichroic mirrors 91 ^ to 91 ^.^ serially disposed along 
the optical axis of the diffused light emitted from the optical shaper 70 in order to selectively extract, in a sequential man- 
ner, diffused light having n kinds of wavelengths Xi to Xn from the diffused light sequentially entering the wavelength 
selector unit 90 from the optical shaper 70. These first to (n-1)-th dichroic mirrors 91 1 to 91n-i have threshold wave- 
5 lengths, which are set in ascending or descending order so as to reflect or transmit the diffused light sequentially emit- 
ted from the optical shaper 70. respectively positioned between neightx)rlng wavelengths close to each other In 
ascending or descending order among the n kinds of wavelengths to X^. 

For example, as shown In Rg. 9, the first to (n-l)-th dichroic mirrors 91 ^ to gi^.^ have (n-1) kinds of wavelength- 
transmittance distributions d^ to d^-i which exhibit maximum transmittance values with respect to light having wave- 
to lengths longer than those near the wavelengths of (n-1) kinds of wavelengths X^ to A-n-i. respectively. Namely, among 
the first to (n-1 )-th dichroic mirrors 91 1 to 91 . the h-lh dichroic mirror 91 n reflects the light component having a wave- 
length shorter than that near wavelength X^ contained In the measurement light beam entering from the (h-1 )-th dichroic 
minror 91 h-i so as to output it to h-th interference mirror 1 01 ^ which will be explained later, while transmitting a light com- 
ponent having a wavelength longer than that near the wavelength X^ so as to output it to the {h+1)-th dichroic mirror 
15 91 h+1 . Here, h is an integer not less than 1 but not more than n-1 . The n kinds of wavelengths X^toXn are set in ascend- 
ing order. 

Here, the first dichroic mirror 91 1 transmits, among the diffused light sequentially entering it by way of the optical 
shaper 70. a light component having a wavelength longer than that near the wavelength Xi. while reflecting a light com- 
ponent having a wavelength near the wavelength X^ toward the first interference filler 101 1 . Also, the h-th dichroic mirror 

20 91h transmits, among the diffused light sequentially entering it through the (h-1)-th dichroic mirror 91h.i. a light compo- 
nent having a wavelength longer than that near the wavelength X^^ so as to emit it to the h-th interference filter lOlh- 
The photodetector unit 1 00 comprises the first to n-th interference filters 1 0 1 1 to 1 01 „ which are disposed in parallel 
along the optical axes of the light components emitted from the first to {n-1)-th dichroic mirrore 91 1 to 91 n-i constituting 
the wavelength selector unit 90. in order to precisely filter the diffused light having the n kinds of wavelengths X^ to X„ 

25 from among the diffused light respectively reflected (or transmitted in the case of the wavelength Xp) by the first to (n- 
1)-th dichroic mirrors 91 ^ to 9^^^,^, as well as first to n-th photodetectors 102^ to 102^ which are disposed in parallel 
along the optical axes of the light components emitted from the first to (n-l)-th dichroic mirrors 91 ^ to 9Vi in order to 
convert the diffused light respectively entering them by way of the first to n-th interference filters 101 1 to lOlp into n 
kinds of detection signals to D^^ which are then output. 

30 The first to (n-1)-th interference filters 101 ^ to lOln.^ are respectively disposed in the optical axes of the diffused 
light reflected by the first to (n-l)-th dichroic mirrors 91^ to 91n.i, whereas the n-lh interference filter lOln is disposed 
in the optical axis of the diffused light transmitted through tfie n-th dichroic min-or 91 „. These firat to n-th interference 
filters 101 1 to 1 01 n respectively have transmittance center wavelengths, which are set in ascending or descending order 
so as to transmit the diffused light emitted from the first to (n-l)-tii dichroic minrors 91 1 to 91n.i, cdnddlng with the n 

35 kinds of wavelengths X-^ to A^. 

The first to n-th photodetectors 102^ to 102^ are photomultiplier tubes which, based on the trigger signal T output 
from the trigger circuit 30. detect the diffused light sequentially entering them by way of the first to n-th interference fil- 
ters 101 1 to lOln and then convert them to detection signals, thereby generating the n kinds of detection signals i to 
„. In order to favorably detect the respective diffused light having tiie n kinds of wavelengths X^ to X^^, the first to n-th 

40 photodetectors 1 02^ to 1 02n preferably have relatively large spectral sensitivity characteristic and gain. Also, in order to 
favorably perform the time-resolved measurerrient of tfie diffused light, they preferably have a response frequency as 
high as possble. 

The amplifier unit 1 1 0 is constituted by first to n-tti amplifiers 1 1 1 1 to 1 1 1 „ which are disposed in parallel down- 
stream of the first to n-th photodetectors 102^ to 102^, respectively, in order to amplify the n kinds of the detection sig- 
45 nals 1 to Di n output from the first to n-tii photodetectors 1 02^ to 1 02^ constituting the photodetector unit 100, thereby 
outputting n kinds of detection signals Dgi to Dan- These first to n-th amplifiers 1 1 1 , to 1 1 1 „ are amplifiers which respec- 
tively amplify the amplitudes of the n kinds of the detection signals ^ to „ output from the first to n-th photodetectors 
102, to 102n. thereby generating the n kinds of the detection signals D21 to D2n. 

The CFD unit 120 is constituted by first to n-th CFD 121^ to 121^ which are disposed in parallel downstream of tiie 
50 first to n-th anrplifiers 1 1 1 1 to 1 1 1 „ constituting tiie amplifier unit 1 10. respectively, in order to detect the levels of the n 
kinds of the detection signals Dgi to Dgn which are output from the first to n-th amplifiers 1 1 1 , to 1 1 1 „. thereby output- 
ting n kinds of start signals 1 to Si „ as tiie start signal . These first to n-th CFD 1 21 1 to 1 2 1 „ are time-pickoff circuits 
which respectively generate the n kinds of the start signals to S^n at the moment when a predetermined time has 
passed after the levels of the n kinds of the detection signals D^^ to output from the first to n-th amplifiers 1 1 1 1 to 
55 1 1 1 p had reached a predetermined ratio of their amplitudes. 

In the following, the action of the measurement apparatus 2 in accordance witii tiiis embodiment will be explained. 

In the above-configured measurement apparatus 2, as shown in Fig. 8, tiie central processing unit 20 which has 
started the predetermined measurement program outputs the control signal indicative of the measurement start tim- 
ing to each of the trigger circuit 30 and the MCA 1 50. At tiiis time, based on tfie control signal C, output from tiie central 
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processing unit 20. the trigger circuit 30 outputs the trigger signal T which becomes an index for the emission timings 
of the measurement light beams having the n kinds of wavelengths Xi to A^. to each of the first to n-th light sources 40, 
to 40n, photodetector unit 100, and delay circuit 130, On the other hand, based on the control signal output from the 
central processing unit 20. the MCA 150 is placed under an input-waiting condition with respect to the time-correlated 
signal A concerning the measurement light beams having the n kinds of wavelengths to Xn- 

Subsequently, based on the trigger signal T output from the trigger circuit 30. the first to n th light sources 40^ to 
40n pulse-oscillate the measurement light beams having the n kinds of wavelengths to X^ in the same period x with 

phases respectively shifted with time 0, x/n, 2x/n and (n-1)x/n. On the other hand, the delay circuit 130 outputs the 

stop signal Sg. whose phase is shifted by a predetermined time from the trigger signal T output from the trigger circuit 
30, to the TAG 140. 

Here, the measurement light beams sequentially emitted by the first to n-th light sources 40^ to 40n are converged 
into a spot by the irradiation light guide 50 and Irradiate the scattering medium 10. The measurement light beams 
sequentially entering the light-entering position of the scattering medium 10 are diffusively propagated through the scat- 
tering medium 10 while being attenuated upon absorbing actions therewfthin. Then, the diffused light sequentially emit- 
ted from the light-output position of the scattering medium 10 are detected by the detection light guide 60 and guided 
to the optical shaper 70. where they are subsequently converged and guided to the wavelength selector unit 90. 

As the diffused light sequentially entering the wavelength selector unit 90 sequentially pass through the first to (n- 
1 )-th dichroic mirrors 91 1 to 91 n.^ , a light component having a wavelength shorter than that near the wavelength A.i , a 
light component having a wavelength longer than that near the wavelength X^ but shorter than that near the wavelength 

^ 3 ''9ht component having a wavelength longer than that near the wavelength X^.2 but shorter than that near 

the wavelength X^^ are sequentially reflected and respectively guided to the first to (n-l)-th interference filters 101^ to 
101n.i constituting the photodetector unit 100. The diffused light transmitted through the (n-1)-th dichroic mim)r 9Vi 
has a wavelength longer than that near the wavelength X^ and is guided to the n-th Interference filter 101n constituting 
the photodetector unit 100. 

In the photodetector unit 1 00, the diffused light entering the first to n-th interference filters 101 1 to 1 01 „ are respec- 
tively filtered as the diffused light having one of the n kinds of wavelengths X^ to and then guided to the first to n-th 
photodetectors 102^ to 102^. Based on the trigger signal T output from the trigger circuit 30. the first to n-th photode- 
tectors 102i to 102^ sequentially detect the diffused light having the n kinds of wavelengths X^ to X^ respectively enter- 
ing them by way of the first to n-th Interference filters 1 01 ^ to 1 0 1 „ and then convert the diffused light detected into the 
n kinds of the detection signals i to „ to be output to the first to n-th amplifiers 1 11 . to 1 1 1 « which constitute the 
amplifier unit 110. 

For example, in the case of n=3. as shown in Rg. 6A. the measurement light beams sequentially entering the scat- 
tering medium 10 become a time series in which a series of pulses formed by incident light 1^ having a wavelength X^ . 
Incident light Ig having a wavelength A-g. and incident light I3 having a wavelength X^ an-anged in terms of time are 
cycled. 

As shown in Fig. 7. the diffused light sequentially emittiBd from the scattering medium 10 become a time series in 
which a series of outgoing light Oi having a wavelength X^. outgoing light O2 having a wavelength Xg. and outgoing light 
O3 having a wavelength X3 arranged in terms of time are cycled. However, since the outgoing light Q contains a com- 
ponent which is delayed from the emission timing tj^^ for the incident light lj^i in terms of time, the outgoing light O; and 
outgoing light Oj^^ are close to each other in terms of time and are mixed each other within the scattering medium 10. 
Accordingly, if the measurement apparatus 2 is not provided with the wavelength selector unit 90, a baseline shift occur- 
ring due to such mixed components win cause an error when the optical absorbing and optical scattering characteristics 
of the scattering medium 10 are calculated. 

By contrast, since the measurement apparatus 2 of the present invention Is provided with the wavelength selector 
unit 90, as shown in Fig. 60. the diffused light respectively entering the first to n-th photodetectors 102^ to 102^ from 
the scattering medium 10 are fractioned Into the n kinds of wavelengths X^ to X^. Accordingly, the outgoing light Oj does 
not contain a component which is delayed from the emission timing t|+i for the incident light Ij+i In terms of time. There- 
fore, the outgoing light Oj and outgoing light O-^^ which are dose to each other in terms of time do not contain compo- 
nents which have mixed each other within the scattering medium 10. thereby preventing the baseline shift from 
occurring. Here, j is an integer not less than 1 but not more than 3. t4=t ^ , and P4=P 1 . 

Subsequently, the first to n-th amplifiers 1 1 1 1 to 1 1 1 „ respectively output the n kinds of the detection signals Dgi to 
Dan. in which the amplitudes of the n Wnds of the detection signals D^i to D^n respectively output from the first to n-th 
photodetectors 102^ to 102^ are amplified, to the first to n-th CFD 121^ to 121n which constitute the CFD unit 120. At 
the moment when a predetermined time has passed after ttie levels of the n Wnds of the detection signals Dgi to Dgn 
output from the fffst to n-tii amplifiers 11 1 , to 1 1 Ip had reached a predetermined ratio of their amplitudes, the first to n- 
th CFD 121^ to 121 n output the n kinds of tfie start signals S^^ to S^^ ^ the TAG 140 as the start signal S^. 

The TAG 140 outputs the time-correlated signal A. which has an amplitude proportional to the difference in time 
between the input timings of tiie start signal Si and ttie stop signal Sg respectively output from the CFD unit 120 and 
the delay circuit 130, to ttie MCA 150. The MCA 150 fractions the time-correlated signal A output from the TAC 140 at 
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a predetermined time (x/n) and sequentially stores thus f ractioned signals in the n-piece memory group, while analyzing 
the wave height value of the time-correlated signal A, thereby outputting n kinds of the time spectrum data P. which 
respectively correspond to the n kinds of wavelengths to Xn, to the central processing unit 20 as a frequency distri- 
bution of the wave height values of the time-correlated signal A. 

The n kinds of the time spectrum data P respectively corresponding to the n kinds of wavelengths to can be 
measured with respect to two kinds of the light-entering position to light-output position distances pi and P2 when at 
least one of the irradiation light guide 50 and the detection light guide 60 is moved with respect to the surface of the 
scattering medium 10. Therefore, the MCA 150 outputs 2n kinds of time spectrum data P, which respectively corre- 
spond to the measurement light beams having the n kinds of wavelengths to X^ with respect to the two kinds of the 
light-entering position to light-output position distances pi and P2, to the central processing unit 20. The central 
processing unit 20 analyzes the 2n kinds of time spectrum data P output form the MCA 150 so as to calculate, for exam- 
ple, the optical absorption coefficient, optical scattering coefficient, and optica! absorbent component concentration of 
the scattering medium 10. 

Here, without being restricted to the foregoing embodiments, the present invention can be subjected to various 
modifications. For example, in the foregoing embodiments, the wavelength selector unit comprises an acousto-optic 
modulator or multiple-stage dichroic min'or group which selectively extracts only diffused light having a predetermined 
wavelength from among diffused light having a plurality of wavelengths. However, as long as the wavelength can be 
similarly selected with respect to the diffused light, various means such as prism and directional coupler can be used 
as the wavelength selector unit. 

Also, in the foregoing embodiments, a plurality of the light sources conprise laser diodes which emit measurement 
light beams having wavelengths different from each other at emission timings different from each other. However, as 
long as the setting of the wavelength and control of the emission timings in the measurement light beams can be simi- 
larly effected, various means such as light emitting diode can be used as a plurality of the light sources. 

Further, in the foregoing embodiments, the photodetectors comprise photomultiplier tubes which respectively 
detect the diffused light having wavelengths different from each other. However, as long as both spectral sensitivl^ 
characteristic and gain are similarly high, various means such as avalanche photodiode, streak camera, photoelectric 
tube, and pin-type photodiode can be used. 

Also, in the foregoing embodiments, the number of kinds of wavelengths contained in the measurement light beams 
in-adiating a subject scattering medium is set at a value which is greater than the number of kinds of the optical absorb- 
ent components contained in the scattering medium by 1. However, when the background absorption within the subject 
scattering medium is so small that it can be neglected, the number of kinds of wavelengths contained in the measure- 
ment light beams can be set at a value coinciding with the number of kinds of the optical absoitsent components con- 
tained in the scattering medium. 

Further, in the foregoing emtjodiments. the subject scattering medium is a living tissue. However, vark>us kinds of 
other substances may be used as the subject scattering medium as long as they contain optical absorbent components 
having absorbance values which are relatively high with respect to the measurement light beams, which are emitted 
from a plurality of light sources, and different from each other. 

As explained in detail in the foregoing, in the measurement apparatus of the present invention, the measurement 
light beams having wavelengths different from each other sequentially emitted at emission timings different from each 
other in a periodic manner from a light source or light sources are irradiated into a scattering medium by way of the irra- 
diation light guide and. after being diffusively propagated through the scattering medium, are guided to the wavelength 
selector unit. Then, the wavelength selector unit selectively extracts, in a sequential manner, the diffused light having 
predetermined wavelengths. Accordingly, even when the diffused light sequentially emitted from the scattering medium 
has a pulse width greater than that at the time of incident due to random scattering and thus contains light components 
mixed within the scattering medium, the diffused light sequentially emitted from the wavelength selector unit do not con- 
tain such mixed light components. 

As a result, since no base-line shift occurs due to the mixed light components in the diffused light sequentially 
entering the photodetector unit, even when the interval of the emission timings for the measurement light beams is 
shortened to such an extent that the diffused light emitted from the scattering medium may contain the mixed light com- 
ponents, the time-response characteristic of. the diffused light can be accurately measured by the signal processing 
system. Accordingly, as the signal processing system analyzes the time-response characteristic of the diffused light 
measured by the photodetector unit, internal information in the scattering medium such as its optical scattering and 
optical absorption characteristics can be accurately calculated. Here, when the above-mentioned measurement is 
repeated at different times while the light-entering and light-output positions of the scattering medium are fixed, 
changes in various characteristic values concerning the optical scattering and optical absorption characteristics over 
time can be obtained. Further, when the above-mentioned measurement is repeated while the light-entering and light- 
output positions of the scattering medium are scanned, spatial distnTxitions of various characteristic values concerning 
the optical scattering and optical absorption characteristics can be obtained. 

Since the measurement light beams having wavelengths different from each other are sequentially emitted at emis- 
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sion timings different from each other in a periodic manner, the time required for measuring the time-response charac- 
teristics of the measurement light beams with respect to the scattering medium is determined depending on the 
duration of diffused light to be detected at each wavelength of the measurement light beams, thereby alleviating the 
restriction on the number of kinds of wavelength set in the measurement light beams. Further, since the wavelength 
selector unit extracts only a light component having a predetermined wavelength from light in which the measurement 
light beams having wavelengths different from each other are mixed within the medium, the emission frequency for each 
wavelength of the measurement light beams has an upper limit higher than that conventionally available. Accordingly, 
in the measurement apparatus of the present invention, it is unnecessary for the emission timings for the measurement 
light beams to have such a large inten/al that the diffused light emitted from the scattering medium does not contain the 
mixed light components. Therefore, the time required for measuring the time-response characteristic of the diffused 
light with respect to the scattering medium can be greatly shortened as compared with the conventional techniques. 

From the invention thus described, it will be obvious that the invention may be varied in many ways. Such variations 
are not to be regarded as a departure from the spirit and scope of the invention, and all such modifications as would be 
obvious to one skilled in the art are intended for inclusion within the scope of the following claims. 

The basic Japanese Application No. 2021 15/1995 (7-2021 15) filed on August 8. 1995. is hereby incorporated by 
reference. 

Claims 

1. A measurement apparatus for internal information in a scattering medium comprising: 

a light source which emits a plurality of measurement light beams having a plurality of wavelengths different 
from each other; 

an irradiation light guide for causing said measurement light beams to be incident on the scattering medium; 
a wavelength selector unit which selectively extracts diffused light having an individual wavelength from dif- 
fused light corresponding to said measurement light beams which have been diffusively propagated ttirough 
said scattering medium; 

a photodetector unit for measuring a time-response characteristic of said diffused light extracted by said wave- 
length selector unit; and 

a signal processing system which drives said light source so as to sequentially cause said measurement light 
beams to be incident on the scattering medium respectively with emission timings different from each other, 
and which controls a measurement action of said photodetector unit con-esponding to said emission timings 
such that time-response characteristics of said diffused light are sequentially measured, while analyzing the 
time-response characteristics measured by said photodetector unit so as to calculate the internal information 
in said scattering medium. 

2. A measurement apparatus according to claim 1 , v»fherein said wavelengtii selector unit comprises an acousto-optic 
modulator, said acousto-optic modulator generating an ultrasonic wave based on a control signal output from said 
signal processing system and changing a wavelength of said ultrasonic wave in synchronization with the emission 
timing of said measurement light beam so as to diffract said diffused light by a deflection angle which corresponds 
to ratio of the wavelength of said diffused light to that of said ultrasonic wave; and 

said photodetector unit comprises a photodetector. said photodetector performing, based on a control signal 
output from said signal processing system, detecting said diffused light which has t>een diffracted by ttie predeter- 
mined detection angle by said acousto-optic modulator and ttien converting said diffused light thus detected so as 
to effect a time-resolved measurement. 

3. A measurement apparatus according to daim 1. wherein said wavelength selector unit comprises a plurality of 
dichroic mirrors, said dichroic mirrors being serially disposed in an optical path of said diffused light guided from 
said scattering medium to said photodetector unit such that threshold wavelengtiis thereof are respectively posi- 
tioned between neighboring wavelengtiis of said diffused light and set in ascending or descending order; and 

said photodetector unit comprises a plurality of interference filters and a plurality of photodetectors, said 
interference filters respectively having transmittance center wavelengths coinciding witii wavelengths of said dif- 
fused light entering said interference filters from said dichroic min-ors. whereas said photodetectors respectively 
performing, based on a control signal output from said signal processing system, detecting said diffused light enter- 
ing said photodetectors from said interference filters and tiien converting said diffused light ttius detected so as to 
effect a time-resolved measurement. 

4. A measurement apparatus according to daim 1 , further conprising: 
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a detection light guide for guiding said diffused light which has been diffusively propagated through said scat- 
tering medium to said wavelength selector unit; and 

an optical shaper which is optically connected to said detection light guide and converges said diffused light so 
as to be guided to said wavelength selector unit. 

A measurement apparatus according to claim 1 , wherein said light source is a group of light sources which respec- 
tively emit, based on a control signal output from said signal processing system, said measurement light beams 
having a plurality of wavelengths whose number is not smaller than that of kinds of optical absorbent components 
contained In said scattering medium and which have absorption coefficients different from each other with respect 
to said optical absorbent components. 
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(54) Measurement apparatus for internal information in scattering medium 



(57) A measurement apparatus for Internal informa- 
tion in a scattering medium comprising a light source, 
an inradiation light guide, a wavelength selector unit, a 
photodetector unit and a signal processing system. The 
light source emits a plurality of measurement light 
beams. The wavelength selector unit selectively 
extracts diffused light having an individual wavelength. 
.The photodetector unit measures a time-response char- 



acteristic of said diffused light. The signal processing 
system drives said light source so as to sequentially 
cause measurement light tDeams to be incident on the 
scattering medium and controls a measurement action 
of said photodetector unit while analyzing the time- 
response characteristics so as to calculate the Internal 
information in said scattering medium. 
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